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. Introduction
Free-electron lasers (FELs) [1] use coherent emission from relativistic electrons passing through an undulator to generate high-intensity photon pulses that can have peak brightness several orders of magnitude larger than the one typically available from synchrotron light sources. In FELs, the electrons are forced to emit coherently by prolonged interaction with the electromagnetic field emitted within the undulator. If a resonance condition between the electron beam and the electromagnetic field is established, then energy transfer from the field to the electrons and vice versa induces a modulation of the electron beam energy that is then converted into a spatial modulation with the same periodicity as the electromagnetic wavelength. The periodically bunched electrons emit coherently, allowing a strong amplification of the initial electromagnetic field. The recent extension of the tuning range of FELs to the x-ray spectral region [2] has created great opportunities for science, as is witnessed by the number of x-ray user facilities that are coming online.
FERMI@Elettra is an FEL-based user facility that, after two years of commissioning, started preliminary users' dedicated runs in 2011 [3] . A distinguishing feature of FERMI@Elettra, with respect to other facilities [4] [5] [6] , is the design aimed at improving spectral stability and longitudinal coherence, through the use of an external laser initiating the FEL process [7, 8] .
While the resonant emission process of a relativistic beam in an undulator is similar in FELs and synchrotrons, the nonlinear coupling in FELs, which is responsible for the gain process, creates a number of constraints on the electron beam properties, on alignments and on the overall machine operability. In particular, the simple operation of tuning of the source wavelength, which in synchrotrons is nowadays a parameter easily changed by the users according to their experimental needs, is for FELs a proposition that may require some additional effort.
In the case of oscillator FELs [1, 9] , mostly used in the IR and visible portion of the electromagnetic spectrum, tuning must contend with the reflectivity of the mirrors that compose the optical cavity, which is generally a function dependent on the operation wavelength. At shorter wavelengths (VUV-x-ray) the limitations imposed by the mirrors may be solved with single-pass high-gain FEL configurations [10] . In this case, the lasing scheme is based on selfamplified spontaneous emission (SASE), and the necessity to vary the resonance condition in a long undulator system may still affect the electron beam properties, leading to a reduction of the FEL gain and efficiency.
In addition, in SASE, the gain process predominantly amplifies the electron beam shot noise, typically by a factor of ∼10 8 , introducing considerable intrinsic randomness in the fundamental pulse properties (timing, intensity, longitudinal coherence, temporal and spectral profile). These intrinsic fluctuations are virtually suppressed in a seeded FEL, such as FERMI@Elettra, where the process is initiated by the highly coherent seed generated by an external source, which is then multiplied in frequency to reach the desired spectral range [11, 12] .
In a seeded machine, frequency tuning requires the simultaneous change of two parameters, namely the seed wavelength and the resonance condition in the undulator. The additional effort is compensated for by the lower gain needed (∼10 3 ) and by the excellent properties of the emitted pulse, but efficient exploitation of the improved spectral purity requires precise control of the emission wavelength.
In this paper, we explore the FEL tuning scheme adopted for FERMI@Elettra. We report on the first instance of wavelength tuning of a short-wavelength FEL facility, both in a narrow and in a large spectral range (fine-and coarse-tuning). We also report on two different experiments, where fine-and coarse-tuning are exploited to scan across an atomic resonance and an elemental absorption edge, respectively.
The paper is organized as follows. Section 2 describes the FEL FERMI@Elettra. Section 3 is devoted to an overview of the principles of the high-gain harmonic generation (HGHG) seeding scheme, adopted for FERMI@Elettra. Section 4 describes the procedures to tune the FEL for fine (section 4.1) and coarse (section 4.2) wavelength scans. Section 5 describes the photon transport system and the associated diagnostics. Finally, section 6 reports on the fine scan across the atomic He 1s-4p resonance and section 7 describes the coarse scan across the M 4,5 absorption edge of a thin Ge film.
The FERMI@Elettra free-electron lasers
FERMI@Elettra is an FEL user facility in operation at Elettra-Sincrotrone Trieste (Italy) that has been designed for experiments in the VUV-soft x-ray spectral range [7] . FERMI@Elettra is based on two FEL beamlines that share the electron beam produced by a common linear accelerator (LINAC). It has been designed to produce sub-ps pulses in the wavelength range from 80 nm down to 4 nm with gigawatt peak power. The use of an external seed to initiate the FEL process allows FERMI@Elettra to improve the longitudinal coherence compared to existing FEL facilities that operate in the same spectral range. FERMI@Elettra in optimized conditions is capable of producing FEL pulses close to the Fourier time-bandwidth limit, as confirmed by first results [3] .
The layout of the machine can be divided into three main parts (figure 1): the accelerator, where electrons are produced and brought to the design energy; the undulator, where FEL radiation is generated; and the experimental hall, where the FEL beam is characterized and focused into the experimental chambers (currently three beamlines are in operation at FERMI: DiProI, EIS and LDM [8] ). A photo-cathode RF gun [13] produces an electron bunch of charge about 500 pC, 8 ps long (full-width at half-maximum (FWHM)) and a normalized emittance <1 mm mrad. Electron bunches are then accelerated in the LINAC by S-band normalconducting accelerating structures. The final energy reached at the end of the LINAC can be varied from 0.9 to about 1.3 GeV. Two magnetic compressors (BC1 located at approximately one third and BC2 at two thirds of the LINAC length) at about 700 MeV, allow us to increase the electron beam peak current to the value required for optimal operation of the FELs. A so-called laser heater [14] and a fourth-harmonic RF-cavity operating at X-band frequency are used to manipulate the electron beam longitudinal phase space for optimum FEL gain. These components were still under commissioning and were not used during the experiments reported here. As a consequence, electron beam parameters such as energy and current could not be made as independent of the position along the bunch as desired.
In particular, the measured current profile exhibits a typical spike on the head, followed by a slowly decreasing tail (figure 2). Similarly, the electron beam energy changes all along the bunch, with a marked chirp. It is important to remark that in the case of FERMI@Elettra, the FEL pulse is not necessarily generated by the current spike, but occurs at that portion of the electron bunch which has interacted with the seed laser. This region is substantially shorter than the electron bunch itself and its position is optimized a few hundreds of femtoseconds behind the main current spike.
To cover the wide design spectral range, FERMI@Elettra has been divided into two independent FELs, which share the same electron beam in a mutually exclusive manner. FEL-1, used in the study presented here, covers the spectral range from 80 nm down to 20 nm. FEL-2, currently under installation, will cover the range from 20 nm down to 4 nm. Both FELs are seeded and based on the HGHG scheme [12] described in section 3. FEL-1 features a total of seven undulators. The first one is the modulator: a 3 m long planar undulator with a 10 cm period and a variable gap necessary to define the desired resonance condition between the electron beam and the external UV seed laser. The successive radiator consists of six APPLE-II [15] undulators 2.4 m long with a period of 5.5 cm. The use of APPLE-II undulators allows FERMI@Elettra to produce FEL photons with variable polarization that can be changed from linear to circular according to user requirements. FEL-2, in order to cover the higher photon energy spectral range, down to 4 nm (60th harmonic of the external seed), uses a double HGHG cascade [7] . The first stage is a replica of the undulators of FEL-1; the final radiator uses six APPLE-II undulators with a 3.5 cm period.
In both FELs the HGHG process is initiated by an external UV seed laser which is described in section 3.1. The chosen laser provides short pulses of the order of 150 fs (FWHM) with an energy per pulse that can be varied up to about 50 µJ. The seed laser uses an optical parametric amplifier (OPA) in order to allow a continuous change in the laser wavelength, which in the configuration used can be varied from 230 to 260 nm.
A critical point for seeded FELs such as FERMI@Elettra is the control of the synchronization of the electron beam and the seed laser, since the FEL process relies on the interaction between the two. An innovative timing distribution system [16] has been designed and implemented for FERMI@Elettra that allows us to have less than 100 fs rms jitter between the electron beam and the external seed laser in the undulators.
The photon diagnostic and delivery system, described in section 5, has been designed so that any one of the three beamlines can use the radiation produced by either FEL.
High-gain harmonic generation
FERMI@Elettra has been designed based on the HGHG scheme [12] . In HGHG the electron beam is first coherently bunched at the desired wavelength, then sent into a long radiator where coherent emission occurs and is amplified by the forthcoming FEL process. The HGHG scheme produces bunching through the interaction of the electron beam with the seed laser: in the modulator, the seed laser produces an energy modulation at its own wavelength of operation, which is converted into a charge density modulation (bunching) when the beam passes through a magnetic chicane. Depending on the setting of the chicane the bunching can also be optimized for a selected harmonic of the external laser [12, 17, 18] . Recently, it was shown that FERMI@Elettra can be efficiently operated up to the 13th harmonic of the UV seed laser (260-200 nm) [3] , while coherent emission has been observed up to the 65th harmonic [19] .
The main benefit of HGHG FELs with respect to the commonly used SASE scheme is the capability to control the longitudinal coherence of the pulse and to provide narrow-bandwidth FEL pulses. In the case of SASE, due to the noise that initializes the process, pulses are generally composed of several very short spikes, appearing in both the time and spectral domains. A FEL saturation, the output SASE bandwidth is determined by the relative width of the FEL gain curve, whose rms value is of the order of the FEL ρ parameter [10] . The latter is a function of the electron beam and undulator parameters, and is generally ∼10 −3 for soft x-ray FELs and a few 10 −4 for hard x-ray FELs. In the case of FERMI@Elettra, ρ is estimated to be about 1.3 × 10 −3 and corresponds to the rms bandwidth expected in the SASE mode. In an HGHG FEL, both the temporal and spectral properties of the FEL are closely related to those of the seed laser. An HGHG FEL is thus able to generate FEL pulses exhibiting a well-defined temporal profile, which at FERMI@Elettra is expected to be ∼100 fs long with a bandwidth of the order of a few tens of meV. If HGHG is used to generate very high harmonics, a pulse shortening and bandwidth increase are expected for the FEL pulse relative to the seed pulse [20] , due to the nonlinear process that generates the bunching. In the range explored by FEL-1, however, such an effect is limited.
Because the FEL process is initiated by the external seed laser, the wavelength of an HGHG FEL is strictly defined by the wavelength of the external laser [21] , and changing the latter is the simplest way to tune the FEL. An alternative way has been proposed that takes advantage of the process that is responsible for the bunching [22, 23] .
The seed laser
Details of the exact layout and parameters of the FERMI@Elettra seed laser can be found elsewhere [24] . Here we will only summarize its main features briefly. An extensive computer simulation campaign has been performed at the early stages of the FERMI@Elettra design to obtain a set of starting parameters for the seed laser system. It was found that a broadly tunable deep-UV pulse (wavelength range 200-300 nm) having a peak power of the order of 100 MW is needed in order to obtain strong enough bunching. The seed pulse duration has been chosen in the 100-200 fs range, leading therefore to the need to have about 10-20 µJ of UV energy per pulse reaching the modulator. In the broadly tunable version, which is expected to become the main mode of operation after completion of the commissioning, the only feasible solution was to use an optical parametric amplifier (OPA). The implemented one is a Light Conversion/Coherent Opera Solo. It is pumped by a 3.3 mJ femtosecond regenerative amplifier (Coherent Elite), which was later upgraded at Elettra-Sincrotrone Trieste to reach 6.5 mJ per pulse by adding a single-pass amplifier stage. The signal and idler waves of the OPA span from 1.08 to about 2.6 µm; up-conversion to UV is achieved through a sequence of nonlinear harmonic generation and mixing. The OPA output energy per pulse in the spectral range that can be used for seeding the FEL is shown in figure 3(a) . The optical beam transport from the seed laser table to the undulator is rather long and complex, and efforts have been made to find a proper multilayer system that would cover a range as wide as possible with losses as small as possible. In the currently installed version, the overall optical transport loss (reflective telescope and 8-10 folding and steering mirrors) is about 40% and allows us to deliver to the FEL sufficient seeding power in the 215-275 nm range.
As can be seen from figure 3(a), four different up-conversion processes have to be used in order to cover this range. So far, due to limited time, only one of them, namely SH SFSignal (second harmonic of the frequency-mixed OPA signal and fundamental 780 nm light, the blue curve in figure 3(a) ) has been used during FEL operation, with the seed laser tunable with sufficient power in the 228-262 nm range. The corresponding ranges of FEL tunability achievable by choosing different FEL harmonics are shown in figure 3(b) by blue bars. A simple procedure taking a few minutes (not yet tested during FEL operation) allows us to switch to the other mixing process giving longer OPA wavelengths, which extends the FEL tunability ranges as shown by red bars in figure 3(b) . For applications where the FEL wavelength does not need to be fully tunable there is the possibility to use as a seed the third harmonic (TH) of the Ti:sapphire amplifier. In this mode, different FEL wavelengths can still be obtained by switching between the different FEL harmonics (4th-13th demonstrated so far). In addition, the FEL wavelength in this mode can be tuned through fine-tuning of the seed wavelength, obtained by a precise rotation of the TH crystal angle. At present the UV range 260-262 nm can be covered in this way by the seed, so the FEL wavelength at each harmonic can be varied by about ±0.4%. In all cases, the seed laser wavelength is read by a tabletop spectrometer capable of determining the absolute seed wavelength within ≈0.1 nm uncertainty.
Free-electron laser tuning
As already mentioned, FEL emission occurs if the electron beam in the undulator is in resonance with the external electromagnetic field. The resonance condition is defined by the following equation:
where γ is the electron beam energy factor, λ is the resonant wavelength, λ w is the period of the magnetic field in the undulator and a w is the RMS value of the undulator magnetic strength parameter, typically in the range from 1 to 3 for FERMI@Elettra operation. The wavelength tuning of an FEL then requires the change of one of the parameters appearing in equation (1) . Since the period of the undulator is constant, this means changing either the electron beam energy or the magnetic field strength. The former option is sometimes the only viable one for the case of fixed gap undulators with essentially constant field strength. FERMI@Elettra undulators have been designed to allow for the change of the magnetic strength by changing the undulator gap; this is the preferred solution as it does not require a change in the electron beam properties. In a seeded FEL, such as FERMI@Elettra, the final FEL wavelength is defined not only by the resonant condition but also by the seed laser wavelength λ SEED . Undulator tuning has negligible impact on the final FEL wavelength but is very critical for maximum FEL power and for the spatial mode quality. The final FEL wavelength may be somewhat affected by the energy chirp of the electron beam [22] and only slightly by the resonance condition of the electron beam in the final radiator [21] . In the reported case, since the seeding is exploring only a small portion of the beam, the energy chirp can be considered as constant. The procedure adopted for tuning FERMI@Elettra is different for fine and large tuning since the wavelength steps are different in the two cases. In both cases, however, the resonance condition is changed by varying the undulator parameter and not the electron beam energy.
Fine-tuning
In the case of fine-tuning, the FEL has been tuned around 52.2 nm, which is the fifth harmonic of the seed laser at 261 nm; λ SEED has been varied in steps of ∼0.1 nm, as reported in section 6. Such a small wavelength change (0.4%) is of the same order as the FEL ρ parameter; hence, the resonance condition is not completely lost after a change of λ SEED . This allows one to keep the FEL lasing while the change is being performed; hence, only a quick optimization of the undulator gap is necessary to restore the best resonance condition and to maximize the FEL power after the change in λ SEED . It is also important to note that since the FEL continues to operate at the same harmonic of the seed, the optimal seed power and the optimal strength of the dispersion section do not change. The typical time required for the finetuning of FERMI@Elettra has been 5 min or less, mostly dictated by the change in the seed laser wavelength. Provided that the seed laser parameters are preserved while changing its wavelength, the FEL performance is uniform over the whole spectral range.
Coarse-tuning
By design, FERMI@Elettra can be tuned across the entire spectral range of FEL1 (80-20 nm) in a single session without the need to change the electron beam energy, only exploiting the capability to change the resonance condition by changing the undulator gaps. In our particular case, we chose the range of 60-30 nm within which we wanted to define an absorption edge by ten or more separate points. To cover such a large spectral range, one needs to concurrently change λ SEED and the harmonic at which the FEL operates. For this reason the optimization is more complicated, and requires more time as compared to fine-tuning. To automate as much as possible the FEL tuning over a large spectral range, the seed laser has been prepared as described in section 3.1 so that λ SEED could be changed from the FERMI@Elettra control system. The generally available seed laser wavelengths, the associated FEL wavelengths and FEL harmonics are reported in figure 3(b) . A suitable combination of λ SEED and FEL harmonic was chosen according to users' requests. Since the value of λ SEED set with the OPA has some impact on the arrival time of the laser into the modulator, timing had to be adjusted after each change in order to properly overlap the seed laser pulse and the electron bunch. During these experiments, the FERMI@Elettra electron beam was characterized by a nonlinear current profile and energy profile in time (see figure 2), the above optimization was crucial and the final FEL performance, both in terms of stability and intensity, critically depended on it. After the optimization of the seeding, a new gap for the undulator has to be set in order to provide the resonance condition at the new FEL wavelength; the seed laser power and the strength of the dispersive section also have to be optimized for the new working point. Because all these procedures were not yet automated, the process generally required 15 min or more.
Photon transport and diagnostics
To manipulate and characterize the photon beam, and to transport it to the endstations, a dedicated Photon Analysis Delivery and Reduction System (PADReS) is installed at FERMI@Elettra [25] . By means of several diagnostic devices, PADReS provides important photon beam parameters to the users; in particular, the absolute intensity I 0 , its spectral distribution i 0 (λ) and the central emission wavelength λ FEL are available online, shot-to-shot, during the experiments; shots are identified system-wide with an 8-digit unique integer (bunch number). PADReS also includes the transport and refocusing of the photon beam into the end stations. While fine-tuning measurements, reported and discussed in section 6, were carried out using an unfocused beam at a vacuum chamber installed ad hoc halfway through the transport line, coarse-tuning measurements were carried out with a setup mounted inside the DiProI endstation [26] . The DiProI beamline operates with a Kirkpatrick-Baez (KB) [27] focusing system consisting of two active deformable optics [28] and capable of a design focusing (FWHM) of 6 µm × 8 µm at 52 nm. 
Intensity monitor
The intensity monitor (in the following: I 0 -monitor) is based on a simple ion chamber scheme, where the incoming radiation ionizes some rarefied gas (one of the noble gases or, as in the present case, N 2 at 3 × 10 −3 Pa). The ion signal is then collected and measured shot-to-shot by a 20-bit-resolution picoammeter developed in-house (www.elettra.eu/lightsources/labs-andservices/instrumentation-and-detectors-lab); the value (expressed in arbitrary 'count' units, cts) is acquired, tagged with a unique bunch number and stored, by the centralized Tango-based system (www.tango-controls.org). We have verified the linear response of the I 0 -monitor over a range going from 0 to ∼30 000 cts, which easily covers the I 0 -monitor counting interval spanned in the present experiment. Absolute calibration of the I 0 -monitor is under way.
Energy spectrometer
The energy spectrometer is based on two variable line spacing (VLS) gratings, together capable of covering the entire photon energy range of FERMI@Elettra [25] . For the present measurements, a low-energy grating was used, as it covers the 100-24 nm range. The zeroth order, i.e. the specular reflection, carries ≈97% of the total intensity to the beamlines downstream, while the chosen diffraction order, usually the first, is focused onto a YAG crystal imaged by a CCD detector by means of the variable groove density of the VLS grating, whose position is controlled by a stepper motor and encoded by a Renishaw RGH24 readhead. In this way it is possible to obtain, online, the central wavelength λ FEL and the spectral distribution i 0 (λ) of every single pulse, tagged by the bunch number. A typical value for the FWHM bandwidth at 52 nm is 0.07-0.08 nm, as measured experimentally during the commissioning of the instrument [29] . During the same commissioning, the absolute encoding of the spectrometer and its dispersion (meV per pixel or nm per pixel) have been calibrated against λ SEED in the ranges shown in figure 4 . 
Fine-tuning wavelength calibration.
For the fine scans of the atomic resonance (section 6), a fresh calibration of the absolute reading of the PADReS spectrometer is performed by fitting the nominal seed laser wavelength with a straight line against the average peak position associated with a given dataset (p 0 , j ; see section 6.2). The intercept is the only free parameter of the fit: the slope is kept fixed at the dispersion value determined above. This fit (figure 5) is used to calibrate the scale of the spectrometer itself, as well as to associate an average wavelength λ j with each dataset.
Fine-tuning through an atomic resonance (He)
The sample of choice is helium, because of its simple electronic level structure and its large ionization potential, which lies above the lowest photon energy accessible to FERMI@Elettra. The energy-level scheme of the He atom, with excitation and fluorescent decay pathways, is shown in figure 6 . According to the NIST database [30] , the energy level separation for the 1s-4p transition of interest is E = 23.742 068 9446 eV, corresponding to a calculated wavelength of λ = 52.221 3086 nm. Note that the observed wavelength has a slightly lower tabulated value (52.2186 nm); the difference is not relevant here.
Excitation of He from 1s (ground state) to 4p results in radiative decay through the following channels, among others: 4p-1s (direct, 52.2 nm) and 4p-2s (396.6 nm). Based on the respective Einstein coefficients, the branching ratio is ≈30 : 1. Both the natural lifetime of the 4p state (≈4 ns) and the response of the detectors (see figure 8 ) lie in the ns range and are thus much slower than the FEL pulse.
Experimental setup
The experimental setup consists of a six-way CF40 cross directly connected to the PADReS beamline. Helium gas was admitted into the chamber through a calibrated leak valve (Duniway). Under the operating conditions, the He pressure in the chamber was 1 × 10 −6 Torr, as read by an ionization gauge (Pfeiffer, PKR261, uncorrected for He ionization efficiency).
A photomultiplier (PMT) and a channel electron multiplier (CEM) were mounted, perpendicular to the FEL beam, on separate arms of the cross, as indicated in figure 7 . The CEM was mounted in vacuum, while the PMT was attached outside a standard CF40 quartz window, and wrapped in a black cloth to shield it from ambient light. The PMT is a Hamamatsu R7899, with a sensitivity range of 300-650 nm. To further restrict its spectral sensitivity, a narrowband (40 nm) filter centered around 400 nm (Thorlabs FB400-40) was inserted between the PMT and the quartz window. The effects of the fluorescence induced by FEL photons hitting the chamber surface, the window or the filter itself have not been considered when designing the experiment; a posteriori the level of stray signal appears to be negligible. The PMT has been operated at a relatively low voltage of −753 V, corresponding to a nominal gain of ∼10 4 ; the nominal quantum efficiency of the photocathode at 400 nm is ≈25 %.
The CEM is a Dr Sjuts GmbH KBL 10RS/90; it has been operated at −1692 V. We assume that each EUV photon reaching its surface will extract a few electrons which will be multiplied (nominal gain extrapolated from the available gain curves: 3 × 10 5 ). The signals from the two detectors are digitized synchronously by two independent channels of a 600 MHz oscilloscope (LeCroy, waveSurfer 64Xs); each trace (figure 8) consists of 500 points spaced by 0.4 ns; t = 0 is arbitrarily set so that the peak is roughly centered on the scope screen. As already mentioned, the response of the detectors is slower than either the FEL pulse or the fluorescent decay of excited He atoms. In such a case the detector signal consists of a single pulse whose integrated area is (barring saturation effects) proportional to the number of excited atoms.
The traces are acquired shot-to-shot by the FERMI@Elettra centralized control and acquisition system (Tango-based (www.tango-controls.org)), along with the corresponding bunch number, I 0 reading and PADReS energy spectrum i 0 (λ).
Data reduction
A typical dataset consists of i = 1-n (n = 3000) shots, corresponding to 5 min of measuring time, during which all experimental settings (in particular, He pressure and FEL wavelength) are not changed by the experimenter. A valid dataset contains n I 0 -monitor readings {I 0,i }; n pairs of oscilloscope traces which are integrated after baseline subtraction to obtain n peak areas {A CEM/PMT,i }, n spectrometer traces (figure 10) each of which is fitted with a Gaussian curve to obtain n peak positions { p 0,i } (as pixel number). Because the fit process is automated, we must be able to reject the p 0,i associated with poor fits, which we do by iteratively rejecting all outliers (values of p 0,i differing by more than three standard deviations from the dataset averagep 0 = ( i p 0,i )/n; up to three rounds of outlier rejection may be necessary in a given dataset, but in most cases one is sufficient). We find that for a dataset of good quality (denoting stable operation of the FEL) the standard deviation of the peak position on PADReS spectrometer is 1-2 pixels. As the spectrometer is never moved during the present measurement, we can reasonably assume that its reading is a reliable indicator of the repeatability of the true wavelength.
Knowingp 0 , j for each dataset ( j: dataset index; 51 datasets total) and the calibration parameters of section 5.2.1, we calculate a wavelength λ j . The set of points (I 0,i , A PMT,i ) j in dataset j is fitted with a straight line forced to have zero intercept (I 0 = m A PMT ) to extract the proportionality constant m j . A plot of the pairs (λ j , m j ) represents our atomic absorption line (figure 10). The profile is fitted with a Gaussian, giving a line center 52.218 nm consistent with the NIST value, and a FWHM of 0.06 nm slightly narrower than that measured by the PADReS spectrometer for a single shot. Because the natural width of the atomic line is ∼10 5 times sharper than that of the FEL, the absorption profile reflects an average FEL linewidth.
Linearity of signal.
As seen in figure 9(a) there is a good linearity relationship between I 0 -monitor readings and PMT readings. It is then legitimate to identify the slope of the linear fit with the absorption at a given wavelength, obtaining the absorption profile of figure 10 . The CEM signals, however, were saturating at high FEL intensities (figure 9(b)); we can rule out saturation of the atomic absorption or emission process, because the same effect would be observed with the PMT. Despite such inconvenience, the good correlation of the aggregated CEM data versus the PMT data ( figure 9(c) ) shows that the two methods are capable, as expected, of returning the same information provided that either the CEM data are suitably linearized or the measurement is repeated at lower CEM signal. 
Experiment
The experimental setup, installed inside the DiProI chamber, consists of a self-standing Ge foil (nominal thickness 100 nm, Lebow Company) mounted on a movable sample holder and a YBCO thermopile (Fortech HTS GmbH) [31] positioned on the rear side of the sample (see figure 11 ). The thermopile works at room temperature and is insensitive to temperature changes. Moreover, it combines a fast response time of a few tens of ns with linearity over 12 decades up to megawatts of power, delivering an output signal of 1 mV µJ −1 for short pulses [32] . The FEL has been focused by the available KB optics onto a spot of about 300 µm diameter. The Ge foil has been positioned on the focal plane of the KB optics. We observed a tangible vibratory motion of the sample foil upon FEL irradiation compatible with both thermal expansion of the thin foil and radiation pressure induced by the beam. However, that effect deserves further analysis in order to be clarified.
After about 1 h of almost continuous exposure to the beam, the sample was partially destroyed, probably as an effect of the above-mentioned FEL-induced deformation. Successive measurements were carried out on the remaining fraction of the sample (about 50%) limiting the temporal exposure to the beam. Moreover, an Al foil (nominal thickness 400 nm) has been 
Summary and conclusions
We have reported on the first instance of FEL wavelength tuning, in both a narrow and in a large spectral range (fine-and coarse-tuning), as shown by the measurement of a sharp atomic resonance (He gas; 1s-4p transition) and a broad absorption edge (Ge foil; M 4,5 -edge).
We thus experimentally confirm the fitness of FERMI@Elettra as a narrowband tunable light source that can be scanned continuously over a wide wavelength range (80-20 nm).
